In this paper, tensile strength and behavior of low-intensity UV light irradiated poly-p-phenylene benzobisoxazole (PBO) fiber were investigated in monofilament tests. The tensile tests of a monofilament were carried out at a gauge length of 12.5 mm and deformation rate of 0.5 mm/min. Irradiation time was set to 0h, 1h, 10h, 100h and 1,000h, while radiance was arranged to become 2, 4 and 8 W/m 2 . It was found that the tensile strength distribution of UV irradiated PBO fibers can be approximated to a normal distribution. Regardless of the degree of radiance, the tensile strength tends to decrease gradually with an increase in irradiation time. As radiance intensifies, however, corresponding curved lines move to lower positions, an indication of the dependency of the tensile strength on radiance. The relationship between radiation dosage and tensile strength converges on this one curved line irrespective of the degree of radiance. Therefore radiation dosage should be a valid parameter to measure the degradation of the strength of the PBO fibers exposed to UV light irradiation. In addition, it is found by SEM observation that there are distinct differences between the fracture surface image of UV non-irradiated fiber and that of irradiated fiber. Regardless of UV-irradiation, PBO fibers have split in the direction in which it is set. But the split part in UV-irradiated fiber is shorter than in the UV-non-irradiated fiber because UV-irradiated fiber has split vertically in portions.
Introduction
PBO fibers are made of liquid crystal-spun poly-p-phenylene benzobisoxazole, defined by a linear rigid molecular structure. The fibers are highly elastic and strong. They have greater heat tolerance and flame resistance than other kinds of organic fibers. Therefore expectations are high that PBO fibers will replace conventional textile materials (1) - (3) .
When polymeric materials containing aromatic rings are exposed to sunshine for many hours, however, fibers lose their strength and change their color (4) , as is well known. PBO fibers, which have aromatic rings as shown in Fig. 1 , are no exception. Toyobo Co., a PBO fiber manufacturer, reports that PBO fibers lose their strength not only under UV light irradiation but also under visible light (5) . The report calls on users to take care not to leave PBO fibers exposed to UV or visible light (5) . Said et al. (6) , for their part, report on a significant loss in the strength of four types of commercial polymeric fibers, including PBO fibers, under UV light irradiation from a xenon lamp. There are other such reports concerning light resistance (7) , (8) . In these reports, however, UV light radiance is set at or close to the levels of sunlight. That is to emphasize that the experiments represent the environment in which these fibers are used. Under such settings, a decrease in the strength of the fibers occurs in a relatively short period of time if they are left under UV irradiation.
Figures and numbers collected this way can be called highly realistic basic data because conditions in which the data are collected resemble the environment wherein the fibers are used. Since the fibers lose their strength shortly, however, chances are that researchers overlook the mechanism of their strength being lost with their exposure to UV light. To expand the versatility of fibers and develop new type of fibers, parameters governing the decrease in the strength of fibers under UV light irradiation have to be identified. It is also important to unravel the mechanism of the fibers being fractured. Also required are details of light resistance under relatively low-intensity UV light irradiation.
Against this backdrop, our research focuses its attention on light resistance of PBO fibers under low-intensity UV light irradiation. It aims to clarify the effects of UV light irradiation on the tensile strength of fibers. There are two methods available to test the strength of fibers: the filament method and the strand method. Our research employs the filament method so as to evaluate disparities in the properties of fibers (9) . Fibers are exposed to UV light, set to three levels of intensity. Effects of the intensity and duration of irradiation on the tensile strength of fibers are examined. So are changes in the fracture mechanism that go on in fibers under different levels of irradiation. This fiber is supplied in the form of a strand of about 300 filaments. Figure 2 shows SEM photographs of one side and a cross-section of one fiber. The side looks relatively smooth and the cross-section shows circle-like shapes. Table 1 presents catalog data on the mechanical properties of the PBO fiber.
Method of UV Irradiation
A lamp-type irradiator is used to radiate UV light to the fiber. Figure 3 shows the spectral irradiance distribution of the light from the UV lamp. Symbols ○, △ and • indicate lamp output properties, filter properties and filter-contained lamp output properties, respectively. The graph shows wavelengths of light from the lamp, spread in a range of about 300-400 nm. Therefore a filter is attached to the lamp to restrict the range until the fiber begins to be radiated by light whose wavelength is about 365 nm.
In consideration of use on the window side in the room in daytime, irradiation time is set to 0h, 1h, 10h, 100h and 1,000h, while radiance is arranged to become 2, 4 and 8 W/m 2 .
The experiment in 1000h irradiation time, for 4 and 8 W/m 2 , was not conducted because strength of the fiber decreases very much and the result is not so profitable on practical use. The strand is loosened and threads are spread thin to ensure the UV light radiates them as uniformly as possible. Also, threads are turned upside down at exactly the midpoint of the testing to make sure they are irradiated equally on the front and back surfaces. Figure 4 shows the structure of the single fiber testing test tab. A paper tab with an opening in its center is used because the single fiber is very thin. A single fiber, taken out from the strand, is affixed to the tab's center with epoxy-type glue. The gauge length is fixed to 12.5 mm to minimize the effects of disparities in UV light irradiation from one to the other end of the fiber. The test tab is assembled in a room shielded from UV light and then secured in a dark room for about one week until the glue completely hardens.
Single Fiber Tensile Test
A desktop tensile strength tester, made by Shimadzu Corp., is used for the test of single fibers. Tensile loads are added to the fibers after the paper-made tab is affixed to the tester and both sides of the tab are cut with scissors. The tensile speed is set at a constant 0.5 mm/min (4 %/min) referring to JIS R 7606. A 5N-capacity load cell is used to measure the loads. Along with crosshead variations, the loads are constantly measured while they are being added.
The number of testing tabs is set to 40, to allow for variance in the tensile strength. The diameter of each fiber is measured by SEM images, and its tensile strength is calculated based on the measured diameter. The diameter is measured and fracture surface is checked after the tensile strength test in an effort to prevent any thermal damage and distortion caused by electronic irradiation during SEM operations. Any tab, in which the fiber is broken at an adhesive point, not within the gauge, is deleted from data collection. Table 2 shows number of specimens excluded for end fracture. Figure 5 shows the tensile strength of fibers under UV light irradiation, plotted normal probability paper. The result (a), (b) and (c) represent radiance of 2, 4 and 8 W/m 2 ,
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Relationship between Tensile Strength and Irradiation Time
respectively. The graph shows that the tensile strength roughly changes along straight lines regardless of the degree of radiance, following normal probability distribution patterns. Figure 6 shows relationship between irradiation time and coefficient of variation in the tensile strength. The graph shows the coefficient fluctuates only a little against irradiation time of 10 h or less. This is because the average strength decreases with an increase in irradiation time but slopes of straight lines increase and variance in the tensile strength decrease, as in Fig. 5 . On the other hand, coefficient of variation against irradiation time of 5 100 h or more increases with an increase in irradiation time. When fibers are exposed to high or low radiance for a long time, average values of the tensile strength decreases but variance in the strength increases. This means a change in the mechanism of destruction, which is discussed later when fractured surfaces are examined. , respectively. Short horizontal lines on the graph mean standard deviations. Curved lines on the same graph are drawn in an attempt to connect the plotting of ○, △ and □, respectively. The graph shows the trend of tensile strength declining gradually with an increase in irradiation time. It also shows that the curves go down as irradiation time becomes longer, an indication of notable effects of radiance on tensile strength.
Relationship between Tensile Strength and Radiation Dosage
Degradation of polymeric material exposed to light is generally ascribed to light absorption and accompanying photochemical reaction. The energy of UV light is close to the energy required to break the C-H bond or the C-C bond. Therefore UV light can break molecular bonds in polymeric material and change its strength and color (4) . Said et al. (6) report on such breakages in PBO fibers under UV light irradiation. In this experiment, radiation dosage, or total UV light energy received by the fiber, is calculated according to Eq. (1). It is assumed in the calculation that the upper half of the cylindrically shaped fiber is exposed to UV light. Disparity in the size of surface exposed to irradiation, resulting from disparity in diameter, is too small as to allow for the use of Eq. (2) in calculating the irradiation area. respectively. Short horizontal lines on the graph mean standard deviations. The graph shows relationship between radiation dosage and tensile strength converges on this one curved line irrespective of the degree of radiance. It also shows the tensile strength of fibers is subjected to radiation dosage. Figure 9 shows an X-ray photoelectron spectrometer analysis of PBO fibers that are exposed to UV light irradiation. Photoelectron specters in the graph are presented in the order of 1, 10, 100 and 700 hours in irradiation time. There is little variance in specter waveforms against 1, 10 and 100 hours of irradiation. But peak values increase in the carbon and oxygen portions against 700 hours in irradiation. This means carbides and oxides increase in volume on the surface of fibers exposed to UV light irradiation. As in Fig. 8 Relationship between tensile strength and radiation dosage Fig. 1 , the molecular structure of PBO fibers is made up of benzene rings that are connected in straight lines. Since atoms of oxygen are included in the structure, molecules have evidently been cut off. The breakage of molecules has probably played a main role in the decrease in tensile strength of fibers under irradiation. Therefore irradiation exposure should serve as a valid parameter in the loss of the strength of fibers exposed to irradiation.
SEM Observation
Figures 10 and 11 show SEM images of fractured portions of two fibers that have undergone a tensile strength test. Figure 10 presents a fiber not exposed to UV light irradiation, while Fig. 11 presents a fiber exposed to the highest degree of irradiation exposure. Photo (a) and photo (b) in Figs. 10 and 11 , respectively, represent the upside and downside of the two fractured portions. Figure 10 (a) shows that the non-irradiated fiber has split widely in the direction in which the fiber is set, and that one part has split further into smaller parts. Figure 10 (b) shows the other side of the fiber with a lesser degree of splits into smaller parts. Figure 11 (a) and (b) show that the UV-irradiated fiber has split in the direction in which it is set, but that it has split vertically in portions. As a result, the split part becomes shorter than in the UV-non-irradiated fiber.
Kitagawa et al. (10) report on the microstructure of PBO fibers. composed of micro fibrils that run in the same direction as the fiber does. Long micro voids exist between adjacent micro fibrils. By comparison, no micro-fibrils or micro voids are seen on the fiber's surface, which is made of a very thin skin layer. These findings lead to the presumption that transverse shear elasticity and strength of the fiber are smaller than longitudinal tensile elasticity and strength. Figure 13 illustrates two tensile fracture processes as found by SEM examinations. It is presumed that splits in the non-irradiated fiber have developed in the longitudinal direction, in which the fiber is not as strong as in the transverse direction. The fiber has probably continued to split until it is finally cut off. Splits have concentrated on one side of the fiber probably because they occur very fast. In contrast, splits in the UV-irradiated fiber have developed also in the longitudinal direction. The splits have stayed in shorter distance than in the non-irradiated fiber, in all likelihood, because they have developed in the transverse direction, too. This phenomenon is probably attributed to molecular breakage in the fiber exposed to irradiation. The breakage has most likely caused the fiber to lose its strength. It is conjectured that the rise of the coefficient of variation in Fig. 6 is caused by change in the mechanism of destruction due to increase in inner or surface defect such as the breakage of molecules by exposure to ultraviolet radiation.
Summary
The tensile strength test of single PBO fibers exposed to UV irradiation leads to the following conclusions about the effects of UV light irradiation on the strength.
(1) Variance in the tensile strength of UV irradiated PBO fibers can be approximated to a normal distribution. The coefficient of variation remains almost constant when the fibers are exposed to irradiation for 10 h or less. But it rises significantly when irradiation time becomes 1,000 h because of a notable decrease in the strength.
(2) Regardless of the degree of radiance, the tensile strength tends to decrease gradually with an increase in irradiation time. As radiance intensifies, however, corresponding curved lines move to lower positions, an indication of the dependency of the tensile strength on radiance. Therefore irradiation exposure should be a valid parameter to measure the degradation of the strength of the PBO fibers exposed to UV light irradiation.
(3) The UV-irradiated fiber has split in the direction in which it is set. But it has split (b) UV irradiated fiber (a) Non-irradiated fiber vertically in portions. As a result, the split part is shorter than in the UV-non-irradiated fiber. Splits have also developed in the longitudinal direction and stayed in shorter distance than in the non-irradiated fiber probably because they have developed in the transverse direction, too. This phenomenon can be attributed to molecular breakages in the fiber put under irradiation. The breakages have most likely caused the fiber to lose its strength.
